It is therefore important that animal models of asthma show similar features of mast cell inflammation and reactivity to inhaled allergen. We hypothesized that house dust mite (HDM) would induce mastocytosis in the lung and that inhalation of HDM would trigger bronchoconstriction. Mice were sensitized with intranasal HDM extract, and the acute response to nebulized HDM or the mast cell degranulating compound 48/80 was measured with respiratory input impedance. Using the constant-phase model we calculated Newtonian resistance (Rn) reflecting the conducting airways, tissue dampening (G), and lung elastance (H). Bronchoalveolar lavage fluid was analyzed for mouse mast cell protease-1 (mMCP-1). Lung tissue was analyzed for cytokines, histamine, and ␣-smooth muscle actin (␣-SMA), and histological slides were stained for mast cells. HDM significantly increased Rn but H and G remained unchanged. HDM significantly expanded mast cells compared with control mice; at the same time mMCP-1, ␣-SMA, Th2 cytokines, and histamine were significantly increased. Compound 48/80 inhalation caused bronchoconstriction and mMCP-1 elevation similarly to HDM inhalation. Bronchoconstriction was eliminated in mast cell-deficient mice. We found that antigen-induced acute bronchoconstriction has a distinct phenotype in mice. HDM sensitization caused lung mastocytosis, and we conclude that inhalation of HDM caused degranulation of mast cells leading to an acute bronchoconstriction without affecting the lung periphery and that mast cellderived mediators are responsible for the development of the HDMinduced bronchoconstriction in this model. mast cell protease-1; histamine; input impedance MUCH OF OUR UNDERSTANDING of inflammatory diseases such as asthma is derived from studies in animal models. It is therefore important that the models used accurately replicate critical aspects of the human condition. Allergic asthmatics frequently suffer from acute bronchoconstriction upon antigen inhalation, and this acute phase is then often followed by an extended period of airways hyperresponsiveness (AHR) to, e.g., methacholine (MCh) challenge. The physiological phenotype of asthma can thus be divided into two phases. Mouse models, however, typically only exhibit the second AHR phase. Indeed, published reports show that an often-used ovalbumin (OVA) mouse model of asthma does not exhibit any measurable bronchoconstriction to inhaled OVA (50, 54). Mice are clearly capable of generating an adequate allergic immune response with cellular inflammation following OVA sensitization and challenge, so why they do not also exhibit acute antigeninduced bronchoconstriction is enigmatic.
mouse model of asthma does not exhibit any measurable bronchoconstriction to inhaled OVA (50, 54). Mice are clearly capable of generating an adequate allergic immune response with cellular inflammation following OVA sensitization and challenge, so why they do not also exhibit acute antigeninduced bronchoconstriction is enigmatic.
One possible explanation is that the relatively short OVA sensitization and challenge protocols typically used with mice do not allow sufficient time for mast cell numbers to increase in the lung (37) , so that antigen inhalation does not lead to enough mediator release to cause functionally significant shortening of the bronchial smooth muscle. The increase in mast cell numbers in the airway tissues is a key aspect of the asthmatic phenotype in humans (2, 3, 38) , preempting the critical roles played by histamine and mucus secretion in causing airway obstruction (17) . Several studies have shown that this also applies in animal models. For example, intraperitoneal injection of crude extracts of house dust mite (HDM) from Dermatophagoides pteronyssinus in guinea pigs elicits Th2 sensitization and antigen challenge-induced bronchoconstriction (23) , whereas bronchial anaphylactic reactions have been observed in sensitized Sprague Dawley rats following intravenous challenge with OVA (14) . We recently demonstrated similar effects in mice that were subjected to sensitization inhalation exposure to HDM (39) . In addition, allergic sheep exposed to inhaled tryptase, a mast cell serine protease released during mast cell activation, exhibit both bronchoconstriction and AHR, further implicating a role for mast cellderived mediators (34) .
Given the importance of the mouse in asthma research, it is an important goal to recapitulate mast cell expansion in this species when generating allergic models of asthma. Based on preliminary data from our laboratory (29) , we hypothesized that HDM sensitization and challenge would induce lung mast cell expansion in mice and that reexposure to inhaled HDM would cause acute bronchoconstriction. We tested this hypothesis by measuring acute bronchoconstriction, the numbers of mast cells in the lung, and the quantities of mediators released from activated mast cells in HDM-sensitized and HDM-challenged wild-type mice and mice deficient in mast cells.
MATERIALS AND METHODS

Animals.
Female BALB/cJ and C57Bl/6J, 7-8 wk old, were purchased from Jackson Laboratory (Bar Harbor, ME). Mast cell-deficient mice Kit W-sh /HNihrJaeBsmJ (Kit W-sh ) breeding pairs were purchased from Jackson Laboratory, and offspring were used at 7-8 wk of age. Housed in a pathogen-free environment, the mice had free access to standard laboratory chow and water ad libitum. All exper-imental procedures were approved by the University of Vermont Institutional Animal Care and Use Committee.
Sensitization with HDM. HDM D. pteronyssinus extract (Greer Laboratories, Lenoir, NC) was resuspended in 1ϫ Dulbecco's PBS (Invitrogen, Carlsbad, CA) at a concentration of 2.5 mg/ml. Mice were divided into two groups, experimental and control. Both groups of mice were anesthetized with isoflurane. Whereas the experimental group was sensitized with intranasal instillation of 50 l of the HDM suspension for 15 days over three consecutive weeks, the control group was sham sensitized with PBS. The animals showed no visible issues relating to the HDM administration. The amount of lipopolysaccharide (LPS) in the HDM extract varied from batch to batch, and we have calculated that the dose of LPS delivered to the mice varied from 1.36 to 4.39 EU at each administration.
Assessment of acute bronchoconstriction and AHR. After the last HDM intranasal exposure (72 h), the mice were anaesthetized intraperitoneally with pentobarbital sodium (90 mg/kg), and the trachea was cannulated and connected to a computer-controlled small animal ventilator (flexiVent; SCIREQ, Montreal, Canada) and ventilated at 200 breaths/min. Next the mice were paralyzed with pancuronium bromide (0.8 g/kg ip). The depth of anesthesia was monitored with EKG throughout the experiment as previously described (27, 28, 30) . The animals were stabilized over about 10 min of regular ventilation at a positive end-expiratory pressure (PEEP) of 3 cmH 2O. A standard lung volume history was then established by delivering two total lung capacity maneuvers to a pressure limit of 25 cmH 2O and holding for 3 s. Next, two baseline measurements of respiratory input impedance (Zrs) were obtained. The mice were then exposed to either of the substances described as follows.
Assessment of HDM-induced bronchoconstriction. Seventy-two hours after the last HDM intranasal exposure, the mice were connected to the flexiVent as described above. Following stabilization and standard lung volume history the mice were either exposed to an inhalation of vehicle control dose of PBS over 40 s followed by a Z rs measurement every 10 s for 3 min, or the mice received 40 s of HDM (2.5 mg/ml). The inhalation was immediately followed by Z rs measurements every 10 s for 3 min. A Zrs measurement takes 3 s, 1 s for exhalation to PEEP and 2 s to deliver the measurement oscillation, leaving 7 s for regular ventilation before the next measurement takes place.
Assessment of AHR. Mice were sensitized with HDM and prepared as described for HDM-induced bronchoconstriction above. The mice were tested for AHR using the following approach. Following stabilization and standard lung volume history, mice were exposed to an inhalation of aerosolized PBS (vehicle control) for 10 s. Z rs was then measured every 10 s for 3 min. This complete sequence of maneuvers and measurements was then repeated for aerosol exposures to three incremental doses of MCh (3.125, 12.5, and 25 mg/ml) (41). Fig. 1 . Toluidene blue staining for mast cells in mouse lungs and histology score. HDM/ HDM mice (n ϭ 8, filled bar) were sensitized and challenged with house dust mite (HDM). PBS/HDM mice (n ϭ 7, open bar) were sham sensitized with PBS but challenged with HDM. In the HDM/HDM group, mast cells (indicated by black arrows) were observed in both the central airway (A) and the parenchyma (B) at ϫ40; the scale bar is 50 m. The image of a magnified mast cell is located in the top left corner of A and B at ϫ100. In contrast, the PBS/HDM group showed very few mast cells, if any, in the central airway (C) and parenchyma (D). The toluidine blue-stained mast cells were blind scored and showed significant difference in mast cell population between the HDM/ HDM and PBS/HDM groups (E) (****P Ͻ 0.0001).
Compound 48/80-induced bronchoconstriction. Mice were sensitized with HDM and prepared as described for HDM-induced bronchoconstriction above. Following stabilization and standard lung volume history, mice were exposed to an aerosol of the mast cell degranulating compound 48/80 (1 mg/ml) or PBS (vehicle control) for 40 s, and Z rs was then measured every 10 s for 3 min.
Respiratory mechanics. Respiratory impedance was determined using the forced oscillation technique described previously (30, 41) . Briefly, Z rs over the frequency range 1-20.5 Hz was determined using a 2-s broadband perturbation in volume applied by the flexiVent. Each determination of Zrs was fit with the constant-phase model of impedance (44) given by
where Rn is a frequency-independent Newtonian resistance reflecting that of the conducting airways, I is airway gas inertance, G characterizes tissue dampening, H characterizes tissue stiffness or elastance, i is the imaginary unit, and f is frequency in Hertz (20, 44) . While the entire time course of the responses are shown in Figs. 1-9, for statistical purposes airways responses were quantified in terms of the average of the 18 measurements obtained at each MCh dose or following HDM inhalation (41) .
Collection of bronchoalveolar lavage and lung specimens. Lungs were lavaged with 1 ml of 1ϫ Dulbecco's PBS, and the bronchoalveolar lavage fluid (BALF) fluid volume was measured for each sample. The cell pellet was separated from the supernatant, resuspended in 400 l of PBS, and counted. Differential cell counts were determined by spinning the cells to glass slides with a cytospin and staining with hematoxylin and eosin. The supernatant was saved for later analysis.
Enzymatic digestion and mast cell enumeration. Lungs were harvested from HDM-sensitized mice 72 h post the last intranasal HDM administration. Lung cells in freshly prepared enzyme mix (Miltenyi Biotec, Auburn, CA) were mechanically digested using a GentleMACs dissociator (Miltenyi Biotec): four rounds of program m_lung_01 (8 s and 300 total rounds/run) followed by a 15-m incubation at 37°, then two rounds of program "B," a second 15-m incubation at 37°(38 s and 2,083 total rounds/run), and, finally, a single round of m_lung_02 (31 s and 553 total rounds/run). A short centrifugation was performed to collect cells, which were then resuspended in PBS and filtered through a 70-m filter. After the cells were washed in PBS, red blood cells were removed with ACK lysing solution (8,024 mg/l NH 4Cl, 1,001 mg/l KHCO3, and 7.722 mg/l EDTA·Na2·2H2O). Cells were washed, counted with an Advia 120 (Siemens, Munich, Germany), and resuspended in PBS in preparation for antibody staining and flow cytometric analysis.
Surface staining and flow cytometric analysis. Lung cells (2 ϫ 10 6 cells/ml) in 1 ml PBS were stained with live/dead (Invitrogen, Grand Island, NY) staining, which was followed by Fc blocking (anti-CD16/ CD32; BD Pharmingen) and surface staining with anti-CD3-FITC (Biolegend, San Diego, CA), anti-CD45-Pacific Orange (Invitrogen), anti-ckit-APC, and anti-FcεRI-PE (ebioscience, San Diego, CA) in FACS buffer (DPBS with 5% FBS) and fixed in 1% paraformaldehyde. Analysis was performed on 500,000 -2,000,000 events using a Becton Dickinson LSR II FACS, BD FACSDIVA (Becton Dickinson, Franklin Lakes, NJ), and FlowJo (Tree Star, Ashland, OR). Mast cells were defined as CD3 Ϫ ckit ϩ FcεRI ϩ cells (35) . Backgating demonstrated that these cells were of intermediate side scatter. The calculated number of live events analyzed did not differ between experimental groups (P ϭ 0.149).
Toluidine blue staining of mast cells and histology. Lung tissue was inflation fixed at 30 cmH 2O with 10% formalin for toluidine blue (Electron Microscopy Sciences, Hartfield, PA) staining, embedded in paraffin, cut into 5-m sections, and mounted on slides. Slides were deparaffinized and rehydrated in xylene (three changes for 12 min each), 100% ethanol (two changes for 5 min each), 95% ethanol (two changes for 5 min each), 70% ethanol, 50% ethanol, and distilled water for 5 min each. The slides were then stained in 0.5% toluidine blue in 0.5 N HCl (pH 0.5) overnight, rinsed in distilled water, counterstained in eosin-Y for 30 s, and dehydrated in 95% ethanol, 100% ethanol, and xylene for two changes each. Mast cells were examined under light microscopy. Differences between mast cell populations in experimental and control groups were determined by masked scoring (0 for the least presence of mast cells and 4 for the highest presence of mast cells) of the slides by three independent persons. The scores were averaged and presented as means Ϯ SE.
Protein extraction protocol. Frozen lung tissue was pulverized to a fine powder using a liquid nitrogen-chilled mortar and pestle, transferred to the 100-l mark of a liquid nitrogen-chilled 1.5-ml Eppendorf tube, and lysed by adding 400 l of cell extraction buffer [PBS containing 0.5% Triton X-100 and 1ϫ protease inhibitor cocktail (Sigma, St. Louis, MO)] and allowing the tubes to warm to the temperature of wet ice. The mixture was vortexed and incubated on ice for 30 min with occasional vortexing. The cell lysates were clarified by centrifugation at 13,000 g at 4°C for 10 min. The clarified cell extracts were transferred to clean microcentrifuge tubes, which were stored at Ϫ80°C until ready for analysis. Protein concentration was determined using Bradford assay (Bio-Rad, Hercules, CA), protein concentration was equilibrated using cell extraction buffer, and cell extracts were diluted at least 1:10 in Standard Diluent Buffer before analysis by ELISA or Bio-Plex.
Biomarker measurements. Frozen lung tissue was pulverized to a fine powder using a liquid nitrogen-chilled mortar and pestle, transferred to the 100-l mark of a liquid nitrogen-chilled 1.5-ml Eppendorf tube, and lysed by adding 400 l of PBS and allowing the tubes to warm to the temperature of wet ice. The mixture was vortexed and incubated on ice for 30 min with occasional vortexing. The cell lysates were clarified by centrifugation at 13,000 g at 4°C for 10 min. The clarified cell extracts were transferred to clean microcentrifuge tubes that were stored at Ϫ80°C until ready for analysis. Protein concentration was determined using Bradford assay (Bio-Rad). Protein concentration was equilibrated using cell extraction buffer, and cell extracts were diluted 1:10 in Standard Diluent Buffer before analysis by ELISA for IL-4, IL-5, IL-13, IL-17, and IFN-␥. The concentration of mouse mast cell protease-1 (mMCP-1) in BALF was determined by enzyme-linked immunosorbent assay (mouse MCP-1 ELISA Ready-SET-go kit; eBioscience). The concentration of histamine, extracted from frozen lung tissues, was ␣-Smooth muscle actin and ␤-actin. Protein lysates were prepared by mincing fresh lung tissue in cold lysis buffer immediately followed by homogenization. Lysates were incubated on ice for 30 min, followed by 30 min of centrifugation at 16,000 g. A portion of the supernatant was saved for protein determination, before the addition of Laemmli sample buffer. Total protein was assessed by the Bio-Rad DC Protein Assay kit (Bio-Rad) according to the manufacturer's instructions. ␣-Smooth muscle actin (␣-SMA) and ␤-actin (both Sigma) protein abundance was evaluated by Western blotting.
Data analysis. Origin 8.0 (OriginLab, Northampton, MA) and GraphPad Prism 5 were used for analysis, and data are expressed as means Ϯ SE. Respiratory mechanics data following a challenge were collected for 3 min, and the whole measurement epoch including 18 measurements was treated as one and analyzed using one-way ANOVA. Respiratory effects with 48/80 were analyzed with Kruskal-Wallis test for unequal variances. Cells, cytokines, ␣-SMA, and flow cytometric data were analyzed using two-tailed t-tests. Histamine, mMCP-1, and histology scores were analyzed using Mann-Whitney's nonparametric test. Differences were considered statistically significant at P Ͻ 0.05. Total mast cells were enumerated by applying the percent mast cells within the live population (D) to total lung cell counts (E). Total cell count was increased in bronchoalveolar lavage fluid (BALF; ***P Ͻ 0.001 and ****P Ͻ 0.00001) (F). Macrophages dominated in the control mice BALF (****P Ͻ 0.00001), whereas eosinophils (****P Ͻ 0.00001), neutrophils (*P Ͻ 0.05), and lymphocytes (**P Ͻ 0.01) dominated in the HDM mice (G).
RESULTS
HDM sensitization leads to mast cell expansion. First, we explored if HDM sensitization would lead to mast cell expansion in the lung. As evidenced by histological scoring (Fig. 1) , we found significant expansion of mast cells in BALB/cJ, sensitized with HDM, not only in the conducting airways but also in the parenchyma. In contrast, in control lungs few mast cells were seen in the airways and almost none in the parenchyma. The histology of the airways showed general inflammation with thickened epithelium (Fig. 1) . In addition, we discovered that ␣-SMA increased about seven times in the lungs from HDM-sensitized mice, further supporting that airway remodeling could be ongoing (Fig. 2) .
To further confirm that HDM sensitization leads to an increased number of mast cells in the lungs, we performed a flow cytometric analysis of lung single cell suspensions from either HDM-allergically sensitized mice or mice sham sensitized with PBS. HDM-treated mice had a significantly greater number of lung cells than PBS-treated mice (Fig. 3A) . Following surface staining, we enumerated lung mast cells by gating on fitc/CD3
Ϫ live cells that were ckit ϩ FcεRI ϩ (35) . We observed that HDM-treated mice had increased numbers of mast cells compared with PBS-treated mice (Fig. 3, B and D) . Because HDM-sensitized mice had a statistically higher percent of live cells (P Ͻ 0.0001), but not fitc/CD3
Ϫ cells (P ϭ 0.195), than PBS-treated mice, ckit ϩ FcεRI ϩ were calculated as a percent of live cells (Fig. 3D) . By multiplying the total number of lung cells (Fig. 3A) by the percentage of mast cells (Fig. 3D) , we found that HDM-treated mice had significantly higher absolute number of ckit ϩ FcεRI ϩ mast cells compared with PBS-treated mice (P Ͻ 0.001, Fig. 2E ). We also discovered a ckit
Ϫ
FcεRI
ϩ population that we expect to be basophils or possibly dendritic cells (10, 35, 40) . The viability following lung digestion was typically 98 -100%. The BALF in sensitized mice was dominated by eosinophils (Fig. 3, F and G) .
Inhalation of HDM induced bronchoconstriction. After validating the expansion of mast cells, we progressed to investigate if mastocytosis would lead to consequences on respiratory mechanics; in particular, we were interested in determining if HDM inhalation by sensitized mice would trigger a bronchoconstriction. The HDM-sensitized mice showed an immediate and significant increase in R n upon HDM inhalation challenge, whereas G and H values remained unchanged, suggesting that the immediate effects of HDM inhalation were restricted to the conducting airways (Fig. 4) . Administration of PBS vehicle did not cause any significant response. To elucidate whether mast cells were activated by inhaled HDM, we analyzed mMCP-1 and histamine in BALF and lung tissue, respectively. Levels of both mediators were significantly elevated, and we interpret these findings as indicative of mast cell activation and degranulation (Fig. 5) . Lung wet weight was significantly increased by HDM, suggestive of lung edema and possibly also remodeling and infiltration of inflammatory cells (Fig. 5C) . We attempted to detect Th2 cytokines in the lung tissue at the time of HDM-induced bronchoconstriction, which was 72 h post last intranasal HDM. This likely was not the optimal time point to detect elevated levels of cytokines (53); nevertheless, we discovered a characteristic Th2 profile with significant increases in IL-4, IL-5, IL13, and IL-17, but no significant change in INF-␥ (Fig. 6) . Naïve mice were found to have similar levels of cytokines as control PBS mice (data not shown).
HDM-induced bronchoconstriction is absent in mast celldeficient mice. In sensitized Kit
W-sh mice we found no evidence of HDM-induced bronchoconstriction, which was not different from the sham-sensitized control group. By contrast, the HDMsensitized positive control C57Bl/6J mice had a significant bronchoconstriction response although not as pronounced as in the BALB/cJ. The BALF cell numbers and differentials were similarly and significantly increased in the sensitized Kit (Fig. 7) . This shows that the allergic inflammatory response in the Kit W-sh mice was comparable to that of the wild-type C56Bl/6J mice. Fig. 4 . Effect of saline and HDM inhalation on respiratory mechanics. HDM/HDM mice (n ϭ 10, solid black squares) were sensitized and challenged with HDM. PBS/HDM mice (n ϭ 10, open circles) were sham sensitized with PBS but challenged with HDM. Respiratory input impedance (Zrs) was measured every 10 s for 3 min after saline and HDM (2.5 mg/ml) aerosol challenge. When HDM-sensitized mice were challenged with nebulized HDM, Newtonian resistance (Rn) was significantly increased compared with baseline (****P Ͻ 0.0001). In contrast, sham-sensitized mice showed no significant increase in Rn when challenged with HDM. No significant changes were observed in tissue dampening (G) and lung elastance (H), suggesting that bronchoconstriction was mainly localized to the central airways, without affecting the periphery of the lung.
HDM-induced AHR.
In contrast to the effects seen on bronchoconstriction by HDM inhalation, when HDM-sensitized mice were tested for AHR with inhaled MCh they responded primarily with significant increases in G and H (Fig. 8) , indicating that the AHR was localized primarily in the peripheral airways similarly to what we have found previously with HDM and OVA (25, 41) .
Compound 48/80 inhalation induced mast cell degranulation.
The mast cell population was expanded in the murine lung by HDM sensitization, and we then hypothesized that antibodyindependent activation of mast cells would cause degranulation and trigger a similar response as HDM inhalation, i.e., a bronchoconstriction. Compound 48/80 is a mast cell degranulating agent that has been used previously in several animals studies and shown to trigger the release of several mast cells mediators, some of which are acutely bronchoactive (17, 24, 42, 46) . We used HDM-sensitized mice with an expanded pool of lung mast cells (as seen in Figs. 1 and 3 ) and then administered nebulized compound 48/80 while measuring respiratory mechanics. A significant increase in R n was observed following compound 48/80 inhalation (Fig. 9) indicative of bronchoconstriction. Moreover, the mMCP-1 titre in the BALF was significantly higher than in PBS control mice (Fig. 9) , and was found to be at the same level as in HDM-challenged mice (Fig. 5) .
DISCUSSION
Bronchoconstriction and AHR are the two prominent physiological phenotypes of allergic asthma. Many studies have been published on the pathogenesis of allergic asthma in human asthmatics. In attempting to emulate the development of chronic asthma in humans, studies have been conducted in various animal models ranging from guinea pigs to sheep typically studying AHR (14, 23, 34) . In the present study, we were able to induce bronchoconstriction in mice sensitized with inhaled HDM showing that subsequent exposure to HDM leads to mast cell expansion in the mouse lung. This is a novel model of bronchoconstriction using a naturally occurring aeroallergen that frequently causes allergic asthma in humans (18, 31, 45) .
By assessing the mechanical and physiological responses of the lung just after an inhalation exposure to HDM, we were able to demonstrate an acute increase in R n that we interpret as the result of shortening of the airway smooth muscle. We base this conclusion on the observation shown in Fig. 4 that the response occurred exclusively in the conducting airways (R n ), whereas we did not find any response in the lung periphery (G or H) (4, 6, 9, 26, 30) . Our conclusions about the localization and the nature of the respiratory responses following inhaled HDM and MCh are predicated on our understanding of and ability to infer mechanism from the relative changes of the impedance parameters R n , G, and H. We have previously shown that R n is a good reflection of the flow resistance of the conducting airway tree (48) and that increases in G and H in the same proportion reflect closure of small airways (30, 51) . These conclusions were further supported by in silico experimentation with anatomically based computational models of the mouse lung (7, 51, 52) . Nevertheless, because these conclusions remain inferential, it is important to ask how the physiological findings correlate with measures of, e.g., inflammation and mediator release in the allergic lung.
We determined mast cell expansion in histological lung specimens and confirmed that lung mast cells degranulate upon local exposure to HDM by causing significantly elevated levels of mMCP-1 and histamine in the BALF and tissue of allergic mice. Also, our histological data showed a significant mast cell increase following HDM sensitization, with mast cells apparent in the conducting airways and in the parenchyma. The expansion of mast cells in the lung tissue was further confirmed by the significant increase of ckit ϩ FcεRI ϩ mast cells assessed by flow cytometry. There is a possibility that other cells expressing ckit and FcεRI could affect the results; however, we believe that the rigorous approach used in this study eliminated false positive signals and that the increased number of ckit ϩ FcεRI ϩ cells actually reflects mast cells (Fig. 3) . One limitation with our assessment of mast cell degranulation is the assay of histamine in the lung tissue. It is possible that the histamine in the lung homogenates could reflect both extra-as well as intracellular histamine; however, we were able to detect significant levels of mMCP-1 in the BALF that probably came from degranulating mast cells. Compound 48/80 was able to release mMCP-1 only in allergic airways, further supporting that mast cell expansion and activation is necessary for degranulation products to appear. The appearance of mast cells coincided with the bronchoconstriction induced by inhaled HDM, suggesting that the mast cells may have been responsible. This is supported by the observation of a significant and immediate increase in R n . In addition, we found that HDM significantly increased ␣-SMA in the lung tissue (Fig. 2) . Although this is not proof that the smooth muscle proliferated, it nevertheless points to yet another mechanism involved in smooth muscle expansion being activated by HDM. We have also observed airway eosinophilic inflammation and Th2 sensitization in the HDM-sensitized and HDM-challenged mice, which could be explained by the action of, e.g., granulocyte macrophage colony-stimulating factor (GM-CSF) (11) . Lung tissue Th2 cytokines were significantly elevated in HDMsensitized mice. The relative differences were not as big as previously reported by, e.g., Wilson et al. in BALF using an OVA model (53); however, our cytokine levels were obtained 72 h after the last HDM intranasal sensitization dose, whereas Wilson et al. found that the cytokine titre peaked 4 -24 h post an OVA challenge. Whereas there are a number of methodological differences between our model and the one used by Wilson et al., it is likely that the cytokine production in the tissue follows a different time course or that leakage of cytokines from tissue in the airway lumen is a temporary event. If that is the case, studying cytokine levels in the tissue could be more relevant to understand the inflammatory events during an allergic response. Indeed, in preliminary experiments we tried to quantify cytokines in BALF but found only near detection W-sh , solid triangles and checkered bars, n ϭ 6). Zrs was measured every 10 s for 3 min after HDM challenge. HDM induced an acute bronchoconstriction (increase in Rn) in the HDM C57Bl6 group compared with the HDM Kit W-sh and the control PBS Kit W-sh (***P Ͻ 0.001 and ****P Ͻ 0.0001). BALF cell numbers and differentials were significantly increased in the sensitized Kit W-sh and C57Bl6/J mice compared with sham-sensitized PBS Kit W-sh . limit levels, and we then decided to use lung tissue instead where obviously the levels were higher. It is possible that cytokine activity in the tissue is more important for the lung pathology and, at least in this study, the titers of the Th2 cytokines are elevated in the tissue of sensitized mice. In addition to HDM-induced bronchoconstriction, our data show that sensitization with HDM leads to AHR affecting primarily the lung periphery as indicated by increases in G and H (Fig. 8) . Thus, the acute bronchoconstriction to inhaled HDM (Fig. 4) is in stark contrast with the AHR (Fig. 8) triggered by inhaled MCh. Using OVA as allergen, we have previously shown that AHR is dominated by G and H, whereas the contribution to the changes in impedance from R n is relatively smaller. According to previously published computer simulations done by our group, the increases in G and H are the result of increased epithelial thickness and an increase in airway closure (25, 30, 41, 51) . In a recent study we attempted to induce bronchoconstriction using an OVA model in mice. This was not successful in that inhaled OVA failed to induce any significant bronchoconstriction (27) . In retrospect we did stain histological cuts from five OVA-sensitized mice for mast cells but found no expansion of mast cells (data not shown). The lack of mast cells in this commonly used OVA model of asthma was shown by Pae et al., but, and perhaps more interestingly, they also showed that regular exposures to OVA over 3 mo would increase numbers of mast cells in the airways (37) . Because they did not assess lung mechanics we do not know if OVA would have elicited an airway response. At any rate, taken together the findings support the notion that mast cells need to be present for the lung to demonstrate antigeninduced bronchoconstriction. Using a sensitization protocol without adjuvant and assessing lung mechanics with the transfer impedance technique, Hessel et al. (21) showed that OVA inhalation increased respiratory resistance in addition to mast cell degranulation visualized by electron microscopy; however, they did not demonstrate an increase in lung mast cell numbers nor did they assess any mast cell mediator release. Because their model of transfer impedance in conscious mice involved applying pressure oscillations around the body generating flow through the nose, it was unavoidable that any restriction of air flow in the nose would affect the measurement of respiratory mechanics (16) . Indeed, when Zosky et al. (54) used the same input impedance technique as we used in our present study they failed to find any OVA-induced bronchoconstriction, similar to what we found with OVA in a previous study (27) . While it is possible that inhaled OVA triggered mast cell degranulation in the study by Hessel et al., it is, due to technical limitations of their study, impossible to resolve if the increase in respiratory resistance emanated from the nose or the lung.
We also need to acknowledge that there is a potential role for Toll-like receptor 4 (TLR4) signaling using HDM extract. Some of the signaling is likely via TLR4 because the Derp 2 allergen in HDM mimics a molecule that binds to TLR4 (MD-2) and allows for its activation, even in the absence of endotoxin contamination (49) . Direct sensitization to HDM via inhalation is a phenomenon that happens in humans, and we believe our model captures some of the complex mechanisms that cause allergic airways disease; hence, the LPS in the HDM extract might be important to generate the full phenotype (43) . On the other hand, it was recently reported that LPS can inhibit Th2 lung inflammation induced with HDM (13) . The fact that the control mice in our study failed to respond to the HDM inhalation supports the notion that the acute bronchoconstriction was due to allergen effects and not direct effects of LPS.
The ability of our HDM model to generate two distinct phenotypes, antigen-induced bronchoconstriction and AHR, sets this model apart from the classical OVA model in several important ways. For example, long-term passive exposure to OVA without adjuvants can lead to immunological tolerance (22, 36, 47) . One has to challenge mice with OVA over a long period of time (months) to expand the mast cell population in the lung (37) . In contrast, the HDM model produces robust immunological and physiological responses after only 3 wk of chronic exposure to the allergen, as reflected by our histological, immunological, and mechanical data.
Allergic asthma in humans is defined as a chronic inflammatory disease of the airways, usually resulting from longterm repeated exposure to allergen via inhalation (36) . For the OVA model of allergic asthma, intraperitoneal sensitization with OVA/aluminum hydroxide is frequently used (36) . In contrast, intranasal sensitization with HDM works without using adjuvants and probably better mimics the exposure mechanism by which humans are exposed to allergen. Intranasal delivery of HDM also results in Th2 sensitization and airway eosinophilic inflammation that appear to be mediated by endogenous GM-CSF production (11) . In addition OVA is seldom associated with human asthma (36) . HDM allergen extract, on the other hand, is composed of a mixture of mite protein, fecal pellets, and proteolytic enzymes capable of triggering both the innate and Th2-driven pathways of the immune response (19) , and therefore may be more clinically relevant. On the other hand, it was reported that intermittent exposure to OVA over several weeks can generate mast cell expansion, although it is not known if this will translate into OVAinducible bronchoconstriction (37) .
We confirmed the role of mast cells by sensitizing and challenging Kit W-sh mice and showing no responses. Also, when specifically degranulating mast cells with inhaled 48/80 in HDM allergic mice, we observed significant acute bronchoconstriction and elevated mMCP-1 similar to what we found with HDM inhalation. An increased number of mast cells were obviously needed for this response to take place since the control mice did not respond (Fig. 9) . Also, while antigens such as HDM initiate mast cell degranulation via aggregation and crosslinking with FcεRI and monomeric IgE, compound 48/80 induces mast cell degranulation by directly activating G proteins via the interaction between its positively charged domain and the COOH-terminal domain of the G protein (12, 17) . Furthermore, the connective tissue mast cell can be activated by FcεRI aggregation, compound 48/80, and substance P, whereas the mucosal mast cell can be activated by FcεRI aggregation, but not by compound 48/80 or substance P (33) . Also, while the mucosal mast cell exhibits strong T cell dependence in development (32, 33) , the connective tissue mast cells exhibit little to no T cell dependence in development (1, 33) . Hence, while it is possible that HDM primarily activated the mucosal mast cells in this study, the question still remains as to whether HDM protein or some other component in the HDM extract is capable of activating some FcεRI-independent pathway that would yield a similar response as direct mast cell activation with 48/80.
In conclusion, using our state-of-art technology for determining Z rs (4 -6, 8, 9) , we have demonstrated an antigen-induced acute phenotype expressed as an airway constriction in mice allergic to HDM. This response was absent in Kit W-sh mice, and, together with histological observations, flow cytometry, and mast cell mediator analysis, we conclude that the bronchoconstriction was caused by mast cell expansion and degranulation. We conclude that the combination of increased numbers of mast cells and mast cell mediator release, and possibly also an increase in airway smooth muscle in the conducting airways, are responsible for the antigen-induced bronchoconstriction.
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